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Carbon-encapsulated ruthenium–carbon (Ru–C) nanoalloys were synthesized by dynamic shocks. The

Ru–C alloy shows a new fcc structure different from the original hcp structure of metal Ru. This fcc

phase is assigned to a Ru32C4 solid solution with a lattice parameter of 3.868(2) Å and a bulk modulus

KT0 of 272(12) GPa. The small amount of carbon in the solid solution enhances the thermodynamic and

chemical stabilities with respect to pure Ru, as well as induces changes in the electronic properties,

which have direct applications in improving the material's catalytic activity and selectivity.
1. Introduction

Ruthenium (Ru) and its alloys are important chemical catalysts
and have been widely used in multi-purpose applications, such
as hydrogenation, isomerization, oxidation, and reforming
reactions.1–4 Possible pathways to improve the catalytic activity
and conversion efficiency of this class of catalysts include
changes of morphology, structure, and composition, as well as
the use of various carbon forms as carriers. At present,
controlling the size and shape by different synthesis approaches
has been extensively studied. However, research on new struc-
tures and compositions is rare, and the understanding of the
interaction between carbon and noble-metal catalysts has not
been well established.

Pressure, together with temperature and nanoscale effects,
provides a wider dimension to study a material's behavior.
Metal elements usually display polymorphism when subjected
to high pressure.5 However, Ru was found to possess only a
hexagonal close-packed (hcp) structure up to 56 GPa at room
temperature.6 Recently, a new face-centered cubic (fcc) Ru
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nanophase with diameters of less than 6 nm was synthesized by
the chemical reduction method. The fcc-Ru showed signicant
chemical activity.7,8 In order to further improve the thermody-
namic and chemical stability of a parent phase, alloying is
usually applied. One successful example is Ru–Pt alloy, which is
widely applied as a CO-tolerant electrocatalyst.1,4 Nonetheless, it
is generally thought that refractory metal catalysts (e.g., Ru, Rh,
Pd, Pt, Ir, Re, Au, Ag) are very hard to form carbides or solid
solutions with carbon. As a result, carbon is widely used as a
separate carrier in catalytic metal nanoparticles to promote
chemical reactions.

Herein, we conducted dynamic shock experiments on pure
Ru and Ru–C mixtures. A novel solid solution alloy, fcc Ru–C,
coated with carbon (core–shell structure) was observed in the
recovered samples. In this paper, we report the results of
structural, morphological, mechanical, and electronic charac-
terizations, and discuss the formation mechanism of this fcc
Ru–C alloy. Our results have implications for improving the
physical and chemical properties, and also in the phase
diagrams of refractory metals (and their alloys). It is hoped that
this study will motivate further research to create exotic nano-
materials with extraordinary congurations and properties.
2. Materials and methods
Shock-wave experiment

Two sets of materials, pure Ru and a Ru–Cmixture with a molar
ratio of 1 : 2 (Ru powder: 325 mesh and 99.9%, carbon black:
99.9+%, Alfa Aesar), were ball-milled for 50 hours in an iron
milling pot with a speed of 600 rpm, and then puried with
dilute sulfuric acid. The dynamic shock experiments were then
conducted on the ball-milled materials respectively by employ-
ing a two-stage light gas gun and a chemical detonation system
at the Institute of Fluid Physics, China Academy of Engineering
This journal is © The Royal Society of Chemistry 2014
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Physics,9,10 and these are schematically illustrated in Fig. S1 in
ESI.† Aer the impact experiments, all recovered samples
(4 mm in dimension) were carefully peeled from the copper
container and puried with acid. The Hugoniot parameters
were taken from LASL Shock Hugoniot Data for carbon,11 and
calculated from the bulk modulus and its rst derivative
(determined in this work) for pure Ru.12 The Hugoniot param-
eters of the dense and porous Ru–C mixtures were calculated
according to the method given by Meyers13 and Batasanov,14

respectively. The shock pressure and temperature of pure Ru
and Ru–C mixture samples were estimated by using the shock
impedance match method15 and the thermodynamic
approach,12 respectively (see ESI† for further details of the
estimation methods).

Structure and morphology characterizations

The structure, morphology, and composition of the ball-milled
materials and the shock-recovered samples were characterized
by multiple analysis methodologies, including X-ray diffraction
(XRD, Bruker D8 Discover with Cu Ka), eld-emission scanning
electron microscopy (SEM, Hitachi S-4800) equipped with
energy dispersive X-ray spectroscopy (EDS), and transmission
electron microscopy (TEM, JEOL JEM-2010) equipped with
selected area electron diffraction (SAED) at Yanshan University.

High pressure X-ray diffraction

In situ high-pressure X-ray diffraction on samples up to 43.2(3)
GPa were conducted at beam line 16-ID-B of the High Pressure
Collaborative Access Team (HPCAT) at the Advanced Photon
Source (APS), Argonne National Laboratory (ANL). The recov-
ered Ru–C sample was loaded into a 300 mm culet diamond
anvil cell (DAC) with Re as a conning gasket and neon as the
pressure transmitting medium. The pressure was calibrated by
uorescence measurements of ruby spheres loaded in the
sample chamber. All the structural data were collected using
monochromatic synchrotron X-ray radiation (l ¼ 0.620 Å).

Corrosion experiment

The chemical stability of the recovered Ru–C nanoparticles was
tested by corrosion experiments. The powders were soaked in
boiling concentrated sulfuric acid for 8 hours. Then the sulfuric
acid was poured out, and the powders were repeatedly washed
with distilled water for further characterization.

Calculation details

Calculations for optimal structures, enthalpies, elastic
constants, and electronic density of states (DOS) were carried
out using the density functional theory (DFT) as implemented
in the CASTEP code.16 The Vanderbilt ultraso pseudopotential
was used with a cut-off energy of 330 eV for the plane wave basis
set,17 and the covalent electrons of C 2s22p2 and Ru
4s24p64d75s1 were used for calculations. The exchange-correla-
tion function was treated by the Perdew–Burke–Ernzerhof form
of the generalized gradient approximation (GGA).18 A 0.04 Å�1

separation was used to generate the k-point grid resulting from
This journal is © The Royal Society of Chemistry 2014
the Monkhorst-Pack method.19 Structural relaxation was per-
formed until the energy change per atom was less than 5� 10�6

eV, the forces on atoms were less than 0.01 eV Å�1, and all the
stress components were less than 0.02 GPa. Mulliken overlap
populations were integrated with a cut-off distance of 3 Å.
Because the GGA calculation can slightly overestimate the
atomic volume, the simulated lattice parameters of the
considered phases were recalibrated by a criterion of elimi-
nating the deviation between the calculated and experimental
values of hcp Ru.

In order to compare electronic changes between bulk and
surface structures, the hcp Ru (0001) clean surface model was
built by stacking two-dimensional (0001) crystal planes with a
thickness of 6 atomic layers cleaved from the 3 � 3 � 3 super-
cell of the hcp Ru crystal. On the top of the surface, a vacuum
slab of 1.5 nmwas added to avoidmirror interactions occurring.
The atoms of the top two layers were free to relax, in order to
simulate the surface state, while the atomic fractional positions
of the lower four layers were xed to maintain the bulk envi-
ronment. The constructions of fcc Ru and Ru32C4 (111) surfaces
were performed in a similar procedure as hcp Ru (0001). All the
surface structure models are presented in Fig. S2 of ESI.† The
pressure–temperature (P–T) phase diagram of Ru was explored
using a quasi-harmonic approximation,20 and the nite-
temperature hcp–fcc and solid–liquid (melting points) phase
boundaries were also determined. The phase transition paths
were simulated using the variable-cell nudged elastic band
(VC-NEB) method.21

3. Results and discussion
Structure and morphology characterization

For pure Ru, XRD patterns of both ball-milled and shock-
recovered samples showed identical hcp structures, although
much sharper diffraction peaks appeared in the recovered
sample, indicating a high degree of crystallinity and relatively
larger grains aer the dynamic shock (Fig. S3 of ESI†). SEM
observations (Fig. S4 of ESI†) indicated that the milled sphe-
roidal Ru particles merged into the bulk aer the shock
impacts, with grain boundaries and micropores also apparent.
Interestingly, new peaks in addition to those from the hcp
phase were observed in the recovered Ru–C mixture, as shown
in Fig. 1 and S5 of ESI,† which can be attributed to an fcc phase
with an ambient-pressure lattice parameter of 3.868(2) Å. SEM
observations revealed the formation of a large number of
spherical particles with a size distribution from several nano-
meters to hundreds of nanometers in the recovered Ru–C
mixture, as shown in Fig. S4 of ESI† and Fig. 2a. In addition,
sintered metal aggregations similar to those observed in the
shocked-recovered pure Ru sample of hcp structure were
observed in the quenched Ru–C sample. The spherical particles
were identied to the carbon encapsulated core–shell structure
according to the TEM analysis (Fig. 2b). The SAED measure-
ments on these carbon-coated particles with sizes less than 50
nm showed a square diffraction pattern (Fig. S6 of ESI†). These
spots can be attributed to the {200} diffraction from an fcc
structure with an interplanar spacing of 1.934(5) Å, which is
Nanoscale, 2014, 6, 10370–10376 | 10371
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Fig. 1 XRD patterns of the shock-recovered Ru–C mixture (ground
powders) at ambient conditions. The difference between the observed
(black circles) and Rietveld refinement fitted (red line) diffraction
pattern is shown as the black line. Bragg positions of hcp Ru and fcc
Ru–C phases are marked with vertical tags. Cu Ka of 1.542 Å was
employed in the XRD measurement. The inset shows the crystal
structure of the fcc Ru–C alloy.

Fig. 2 (a) SEM image of a recovered Ru–C mixture bulk sample. (b)
TEM image of fcc Ru–C nanoalloy after the dynamic shock
experiment.
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consistent with the XRD results. It should be mentioned that
attempts to check the crystal structure for larger carbon-coated
particles were unsuccessful due to the intensive electron
absorption of Ru.

The new peaks in the XRD patterns of the recovered Ru–C
mixture are attributed to an fcc structure with a stacking
sequence of ABC. Other possible stacking sequences for this
new phase have also been checked by comparing the simulated
Table 1 Lattice parameters of hcp Ru and fcc Ru–C alloy at ambient c
weighted profile factor; RB, Bragg factor; Rexp, expected factor

Sample Phase Symmetry Atomic positi

Ball-milled Ru hcp P63/mmc 2c (1/3,2/3,1/4
Recovered Ru hcp P63/mmc 2c (1/3,2/3,1/4
Ball-milled Ru–C mixture hcp P63/mmc 2c (1/3,2/3,1/4
Recovered Ru–C mixture hcp P63/mmc 2c (1/3,2/3,1/4

fcc Fm�3m 4a (0,0,0)

10372 | Nanoscale, 2014, 6, 10370–10376
and experimental XRD patterns, such as the double hexagonal
close-packed (dhcp) structure with ABAC stacking sequence
(Fig. S7 of ESI†). The absence of a superlattice reection, i.e., the
(103) peak from the dhcp structure, and the inconsistency of
some diffraction peaks exclude candidates other than the fcc
structure. Hence, the quenched Ru–C product must be a
mixture of hcp Ru and an fcc phase. The Rietveld renement
gives the lattice parameters listed in Table 1 for the raw and
shock-quenched materials.

Carbon in the fcc crystal lattice

The next problem to be claried is the role of carbon in the fcc
phase in the shock-quenched Ru–C samples. The room
temperature pressure–volume (P–V) relationships of hcp Ru and
the fcc phase in the shock-recovered Ru–C sample are shown in
Fig. 3, which were deduced from synchrotron XRD measure-
ments (Fig. S8 of ESI†). Due to the same atomic packing factor
of 0.74 and coordination number of 12, fcc and hcp Ru struc-
tures should have close atomic volumes. However, the experi-
mentally determined average atomic volume of Ru in the fcc
phase (a quarter of the rened unit cell volume) is ca. 1 Å3 per
Ru atom larger than that of hcp Ru (half of the rened unit cell
volume) at ambient and high pressure (Fig. 3). Since the
experimental determined lattice parameters of hcp Ru agree
well among all samples in this study and are consistent with the
calculated values as well, the lattice expansion in the fcc phase
can be accounted for by carbon atoms dissolving into intersti-
tial sites of Ru fcc lattice to form a Ru–C alloy. This argument is
further supported by the crystal lattice distortion indicated in
the SAED pattern (Fig. S6 of ESI†).

In an fcc structure, the size of the octahedral interstitial sites
is larger than that of the tetragonal interstitial sites. Carbon
atoms thusmost likely occupy the octahedral sites. Based on the
octahedral-space-occupancy accommodation of carbon atoms,
we built fcc supercells with 32 Ru atoms and variable numbers
of carbon atoms to simulate a series of Ru–C alloys (Ru32C,
Ru32C2/Ru32C8). The calculated average Ru atomic volume
increased monotonically with increasing carbon content and
decreases with increasing pressure. The best match was ach-
ieved at a composition of Ru32C4, as demonstrated in Fig. 3. We
note that the diameters of the octahedral interstitial sites in
hcp- and fcc-structured Ru are both 0.111 nm as calculated from
the hard sphere model, which are smaller than that of carbon
atom (0.154 nm). Lattice distortion and expansion would be
expected aer the carbon atom dissolving, as indicated by the
experimental observations.
onditions from Rietveld refinement. The reliability parameters are: Rw,

on a (Å) c (Å) Rw (%) RB (%) Rexp (%)

) 2.705(2) 4.282(2) 6.91 5.47 9.62
) 2.702(3) 4.280(3) 8.65 5.32 7.65
) 2.705(2) 4.279(2) 8.07 5.58 8.43
) 2.703(3) 4.280(2) 7.06 5.54 5.44

3.868(2)

This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4nr02632b


Fig. 3 Pressure–volume relationships for hcp Ru, fcc Ru–C, and a
series of fcc Ru–C alloys. The experimental and simulated data are
presented with solid circles and lines, respectively. See text for more
details.
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Formation mechanism

To gain insights into the formation mechanism, we calculated
the P–T phase diagram of Ru, which clearly displayed a narrow
stable region of fcc Ru over hcp Ru below the melting curve, as
shown in Fig. 4. Our calculations reveal that fcc Ru has a higher
energy of 113 meV per atom at ambient pressure than that of
hcp Ru, which is consistent with the 136 meV per atom reported
previously.22 The existence of an fcc phase at high temperature
provides a clue for a possible formation mechanism. During the
dynamic shocks at high pressures (40–70 GPa) and high
temperatures (3000–5000 K), Ru enters the fcc-phase stable
region and changes its structure from hcp to fcc at such
Fig. 4 Pressure–temperature phase diagram of Ru. The blue dia-
monds and red points show the estimated Hugoniot shock states for
pure Ru and for the Ru–C mixture, respectively. The lines with open
circles and squares show the predicted hcp–fcc and fcc–liquid tran-
sition boundaries, respectively. The lines are included as guides for the
eyes.

This journal is © The Royal Society of Chemistry 2014
conditions (Fig. 4). However, this fcc structure would be
unstable and changes back to the hcp structure at low pressure
and temperature. This is consistent with our shock experiments
on pure Ru, where Ru recrystallized into hcp bulk, with large
grains clearly observed (Fig. S3 and S4†). In comparison, fcc Ru–
C nanoalloys were found in the shock-recovered Ru–C mixture,
along with hcp Ru. It should be noted that the existence of an
hcp Ru–C alloy is excluded by the identical lattice parameters of
hcp Ru from both the ball-milled powders and the shock-
recovered samples (Table 1).

To clarify this obvious difference, we theoretically investi-
gated the hcp–fcc phase transition under high pressure using
the VC-NEB method.21 The phase transition involves atomic
slips, inducing lattice distortion and readjustment of the
interstitial sites, as shown in Fig. 5. During the transition
process, the hcp structure undergoes a lattice stretch and
contraction (see the arrows in Fig. 5b), the octahedral intersti-
tial sites in the hcp structure (marked as the red octahedron) is
squashed and eliminated with the formation of octahedral
interstitial sites in the fcc structure (blue octahedron), and
eventually the fcc structure is achieved. Without carbon, the
transition process is revisable and an fcc Ru cannot be
quenched to ambient conditions. However, if carbon atoms are
present, they have a chance to enter the opening octahedral
interstitial sites of the intermediate distorted fcc phase (Fig. 5c)
during this process. Once carbon atoms enter the fcc lattice,
they increase the resistance to atomic motions such that slips
back to the hcp structure are difficult to occur. Consequently,
fcc Ru–C alloy can be recovered to ambient conditions. Carbon
dissolution thus increases the stability of the Ru fcc structure.
This is similar to the stability of fcc g-Fe and fcc Fe–C alloys
(common steel materials). The pure fcc g-Fe is only thermody-
namically stable at high temperatures,23 and cannot be
quenched to ambient conditions. Alloying with certain
Fig. 5 Structural evolution from hcp Ru to fcc Ru at high pressure. (a)
hcp Ru with ordinary unit cells. (b) hcp Ru with unit cells redrawn along
[110] and [�110] directions of (a). The purple arrows indicate the direc-
tions of lattice stretch and contraction during the transition process. (c)
An intermediate state between hcp and fcc phases. The gray arrow
signals the filling of the carbon atom. (d) fcc Ru.

Nanoscale, 2014, 6, 10370–10376 | 10373
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elements (e.g., C and Mn) stabilizes the fcc structure at room
temperature.

It should be noted that our calculations were performed
without considering the nanosize effect. For small Ru nano-
clusters with 55 and 135 atoms, the icosahedron geometries
were predicted to be more stable than the cubo-octahedral (fcc)
geometries.24 However, energy comparisons for lager clusters
with 140 atom (fz 1.2 nm) reverse the stability order, with the
fcc conguration favored over the icosahedron one.24 Moreover,
larger surface relaxations were found in the fcc structure, where
unique reactive properties in surfaces may be expected.24
Electronic and mechanical properties

The structural change, as well as interstitial atoms, can induce
signicant modications in the bulk and surface electronic
structures, and lead to distinctive catalytic activities and selec-
tivity. We checked the density of states (DOS), Mulliken pop-
ulations, Hirshfeld charges, and bond lengths of the pure Ru
and the Ru–C alloy with bulk and surface models. The calcu-
lated DOS are presented in Fig. 6 (hcp Ru and fcc Ru–C alloy)
and Fig. S9 of ESI† (fcc Ru). Other results are summarized in
Fig. 6 Density of states (electron number per eV per atom) of different
bulk and surfacemodels. (a) hcp Ru. (b) fcc Ru–C alloy. Surfacemodels
of hcp Ru (0001) and fcc Ru32C4 (111) are shown as insets. Ru atoms
and C atoms are shown in dark cyan and gray, respectively.

10374 | Nanoscale, 2014, 6, 10370–10376
Table S1 of ESI.†Obviously for all systems, there are more active
electrons at the Fermi level in surface structures than those in
bulks, explaining the stronger catalytic activity of the surface.
Also, the (111) surfaces of the fcc Ru–C alloy and fcc Ru are
apparently more active than that of the (0001) surface of hcp Ru
traditionally used in the chemical reaction. This increased
metallic character in DOS near the Fermi level mainly originates
from the higher electron occupations in Ru d-band, which is
also believed to give rise to some similarities in the catalytic
properties of other transition metal–carbon alloys (e.g. Mo–C
and W–C alloys) and noble metals (Pt and Ru).25,26 Notably,
previous experiments have demonstrated that large fcc Ru
nanoparticles are more reactive in CO oxidation than hcp Ru
nanoparticles.7,27 Because the fcc Ru–C alloy surface has a
slightly higher activated electron state at the Fermi level than
that of fcc Ru, more efficient chemical catalysis is expected for
the fcc Ru–C alloy.

In addition to the DOS differences, Hirshfeld charge analyses
showed a larger variety of charged atoms in the Ru–C alloy than
those in hcp and fcc Ru (Table S1†). Such variations in atomic
charge states are effective for multiple adsorption and selec-
tivity, which are important for the catalytic performance. For
example, Ru atoms with different charges can easily adsorb
various species such as H and CO. Our DFT calculations thus
signify the advantage of the fcc Ru–C alloy as a prospective
catalyst, such as its more active electrons at the Fermi level and
multivalued charge states.

Compared to the changes in electronic properties, the
difference of mechanical elastic properties is not as signicant.
The measured compression data for hcp Ru and fcc Ru–C alloy
from a quenched Ru–C mixture (Fig. 3) were tted with the
third-order Birch–Murnaghan EOS, giving the ambient-pressure
isothermal bulk modulus (KT0) of 298(8) GPa and 272(12) GPa
with the rst pressure derivative (K 0

T0 ¼ dKT0/dP) of 5.05(0.60)
and 5.27(0.82), respectively. KT0 of 312(4) and 289(6) GPa for hcp
Ru and fcc Ru–C alloy, respectively, are deduced from the
second-order Birch–Murnaghan EOS with a xed K 0

T0 of 4. On
the other hand, the elastic constants, Cij, were calculated
theoretically based on the stress and strain relation (Hooke's
law). Then, the ambient-pressure adiabatic bulk modulus (KS0)
and shear modulus (G0) for the polycrystals were estimated
using the Voigt–Reuss–Hill approximation, which is the arith-
metic average of the upper (Voigt) and lower (Reuss) bounds for
the actual macroscopic effective elastic constants.28 All the data
is listed in Table 2, and both experimental and theoretical
results show the close bulk moduli of hcp Ru, fcc Ru, and fcc
Ru–C alloy.
Chemical stability and the role of carbon in noble metal
catalysis

Common metal or alloy nanoparticles with specic volume and
surface effects are usually highly activated, and sensitive to the
environment conditions (e.g., temperature, humidity, light, and
magnetic eld, etc.). It is challenging to protect these nano-
particles from physical and chemical changes, such as aggre-
gation and growth, oxidation, and hydrolysis reactions. Here we
This journal is © The Royal Society of Chemistry 2014
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Table 2 Elastic constants (GPa), bulk and shear moduli (GPa), and first derivatives of the bulk modulus for hcp Ru, fcc Ru–C alloy, and fcc Ru

Phase C11 C33 C44 C12 C13 KS0 G0 KT0 K 0
T0

hcp Ru 596(5) 660(8) 202(2) 164(2) 157(3) 312(2) 215(1) 298(8) 5.05(0.60)
312(4) 4.0

fcc Ru–C alloy 508(3) 175(2) 179(2) 288(2) 170(1) 272(12) 5.27(0.82)
289(6) 4.0

fcc Ru 478(2) 226(2) 223(1) 308(1) 179(1)
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have demonstrated the advantage of the dynamic shockmethod
for achieving a large amount of carbon-coated nanoparticles
with unique congurations. These core–shell nanoparticles
show superb stability as demonstrated by the long time (8
hours) corrosion experiment using boiling concentrated
sulfuric acid.

The successful synthesis of the Ru–C nanoalloy may explain
the previously observed anomalous electronic structure in
fullerene-soot-supported Ru nanoparticles.4 Similar alloying
behavior exists in other systems such as Pt–C,29,30 Pd–C,31 and
Re–C.32 For example, a supercial PtCx (x z 1) compound was
evidenced in Pt polycrystalline lms containing up to 17%
carbon prepared by d.c. reactive sputtering.33 A superlattice
structure of Pt–C was proposed based on the observations of an
ordered Pt7C structure in the grain boundaries following
quenching or irradiation.34 The formation of a Pd6C alloy on the
Pd surface was used to account for the catalytic activity of
palladium toward the selective hydrogenation of hydrocar-
bons.31 We expect current research can lead to a re-examination
of the role of carbon in noble metal catalysis.
4. Conclusions

In summary, carbon-encapsulated Ru–C nanoparticles with an
fcc structure have been produced by using the explosion shock
method. The obviously expanded crystal lattice suggests carbon
dissolution into the interstitial sites of fcc-structured Ru, which
is further shown by rst-principle calculations to be the Ru32C4

alloy phase. The carbon dissolution enhances the thermody-
namic and chemical stability of the fcc structure, and also
induces change in the mechanical and electronic properties. In
particular, the increase in the activated electrons at the Fermi
level and the redistribution of electric charge among atoms can
signicantly enhance the material's catalytic activity and
selectivity.
Acknowledgements

This work is supported by National Basic Research Program of
China (2011CB808205), National Science Foundation of China
(51121061 and 51332005), Natural Science Foundation for
Distinguished Young Scholars of Hebei Province of China
(E2014203150), Science and Technology Development Founda-
tion (Grant no. 2012B0101002), Foundation of Shuangbai of
Chinese Academy of Engineering Physics (Grant no. SHUANG-
BAI-2011), and Foundation of National Key Laboratory of
Shock Wave and Detonation Physics (Grant no.
This journal is © The Royal Society of Chemistry 2014
9140C670203110C6705). HPCAT is supported by DOE-NNSA
(Contract no. DE-NA0001974) and DOE-BES (Contract no. DE-
FG02-99ER45775), with partial instrument support from NSF.
APS is supported by DOE-BES (Contract no. DE-AC02-
06CH11357). Zhisheng Zhao is partially supported by Efree, an
Energy Frontier Research Center funded by DOE-BES (Award
Number DE-SC0001057). We thank Guangrui Qian in Stony
Brook University for the help of phase transition path
calculations.
References

1 S. Alayoglu, A. U. Nilekar, M. Mavrikakis and B. Eichhorn,
Nat. Mater., 2008, 7, 333–338.

2 P. Gallezot, N. Nicolaus, G. Flèche, P. Fuertes and A. Perrard,
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